Binding Mechanism and Magnetic Properties of a Multifunctional Spin Label for Targeted EPR Imaging of Amyloid Proteins: Insight from Atomistic Simulations and First-Principles Calculations.
Electron paramagnetic resonance (EPR) imaging techniques provide a promising approach to detect amyloid structures which are of paramount importance in early-stage diagnosis of conformational diseases. Here, we report a combined molecular dynamics and density functional theory/molecular mechanics computational scheme for evaluation of the binding mechanism between a multifunctional spin label and the target amyloid protein. In addition, we consider evaluation of EPR spin Hamiltonian parameters with the aim of providing a better microscopic understanding and interpretation of EPR spectroscopy. The results from molecular dynamics simulations suggest that the oligothiophene conjugate part of the spin label interacts with hydrophobic residues of the amyloid protein through hydrophobic attraction and that both the N-O bond length and the N-O out-of-plane tilt angle in the nitroxide group are slightly diminished after complexation with the protein. The translational and rotational motions of the protein-bound spin label are considerably slowed compared to those of the free spin label in aqueous solution, but interestingly, hydrogen bonds formed between the nitroxide oxygen group and the surrounding water molecules are hardly affected by the presence of the amyloid protein. First-principles calculations suggest that EPR spin Hamiltonian parameters including the nitroxide nitrogen hyperfine coupling tensor A(N) and electronic g tensor suffer noticeable changes upon complexation with the protein. The magnitude of the A(N) tensor is found to be closely related to the nitroxide N-O out-of-plane tilt angle, while the g tensor is affected by both the nitroxide N-O bond length as well as the interaction between the spin label and the amyloid protein. With this work we show that state-of-the-art simulation techniques represent a promising way of providing a detailed understanding of the microscopic mechanisms responsible for the formation and stability of a spin label complexed with amyloid structures as well as the magnetic properties of the free and protein-bound spin label.